The precise concentrations of rare earth elements (REEs) in Japanese Ashibetsu and Taiheiyo coals, in Indonesian Ambalut coal, and in Australian boghead coal have been determined, in order to compare the REE contents of the coals with those of plants and also to obtain further knowledge of the original plants from which these coals were formed. By leaching the coals after ashing using a 10% acetic acid solution, each coal sample was separated into two fractions: an acetic acid soluble fraction, and an acetic acid insoluble fraction. Our results show that three different types of chondritenormalized REE patterns are observed in the acetic acid soluble fraction of these coals. The acetic acid soluble fractions of the Ashibetsu, the Taiheiyo, and some of the Ambalut coals showed REE patterns identical to those of peat vegetation. Those of other Ambalut coals showed an REE pattern that was similar to that of tree trunks. The boghead coal showed a different REE pattern that was similar to algae, an origin that is also suggested from a maceral study. The REE patterns of the acetic acid soluble fraction can therefore be a useful proxy for determining the original plants that formed the coals.
the surrounding environment. In particular, rare earth elements (REEs) in coal have been identified as a group of special significance (Birk and White, 1991; Eskenazy, 1987; Mukhopadhyay et al., 1998; Querol et al., 1997) . This is because REEs have two remarkable characteristics: (i) they exhibit a similar chemical behavior that imparts coherency to geochemical events, and (ii) they exhibit a systematic increase in the number of f electrons with increasing atomic number within the lanthanide series, which causes subtle chemical differences in passing from La to Lu. These two remarkable characteristics mean that REEs always occur in groups rather than as single elements (Henderson, 1984) , and also enable REEs to act as a record of geochemical processes in natural systems (Taylor and McLennan, 1988) . In coals, REEs are predominantly reported to occur in association with minerals (Lyons et al., 1989; Swaine, 1990) . However, some studies have reported that REEs can be associated with both organic and inorganic matter in coals (Gluskoter et al., 1977; Van Der Flier-Keller, 1993) .
In our earlier studies, we have reported that soil-grown plants exhibit a common REE pattern that is different from that of peat vegetation or algae (Akagi et al., 2002; Fu et al., 1998 Fu et al., , 2000 Fu et al., , 2001 . This pattern reflected the REE pattern of the silicate minerals in the surrounding soil,
INTRODUCTION
The incomplete decomposition and coalification on the death of plants has been one of the most important processes that have sequestered atmospheric carbon dioxide. It is generally thought that most coals originated from trees and peat, but also that some have originated from algae (Cross and Phillips, 1990) . However, identification of the original plants that formed a coal is sometimes a difficult process. A study of macerals has offered some information on the origin of coals (Crelling, 1983 (Crelling, , 1985 Cross and Phillips, 1990; Taylor and Teichmüller, 1993) . However, this is of little use for mature coals where the original texture has been obliterated.
The trace elements in a coal can contain information on the origins of the coal and on the conditions of coalification, because the trace elements in coals principally come from the plants that formed the coal and from 334 F.-F. Fu et al. which is influenced by the soil's redox potential. The separation of REEs tied to plants from those tied to the minerals should therefore provide us with some knowledge of the original plants that formed the coal, if the following three assumptions are satisfied: (i) that the REEs in a particular coal fraction originate from the plants that formed the coal, (ii) that the REE composition in the coal fraction remains unchanged during coalification and subsequent processes, and (iii) that the REEs in the coal fraction can be isolated from those in the mineral fraction. In this paper, we report that the acetic acid leachate of combusted coals approximately satisfied the above conditions.
SAMPLES AND METHODS

Sampling site and samples
Seven coal samples were collected from a 40 cm vertical interval of the main coal seam arising from the late Eocene Harutori Formation (Ht) in the Taiheiyo coalmine, situated in the Kushiro coalfield in Hokkaido, Japan (Fujii et al., 1979; Suzuki and Fujii, 1995) . Seven coal samples from the Ashibetsu coalmine were collected from different coal seams in five different middle Eocene formations in the Ishikari coalfield, in Hokkaido, Japan. Four coal samples from the Ambalut coalmine were collected from different coal seams arising from the late Miocene Balikpapan and Pulubalang formations of the Kutei coalfield, in east Kalimantan, Indonesia, and one sample of boghead coal was collected from the Sydney Basin in Australia. Each sample of the Ashibetsu and the Ambalut coals weighed several kilograms, and was collected from different sites in the same coal seam. These were mixed homogeneously after being crushed to a size of 2-3 mm. An aliquot of each sample was then taken using the cone and quartering method. The formation and the corresponding seam from which each sample was collected are shown in Table 1 , along with their classifications. After being crushed to 2-3 mm sizes, all the coal samples were sealed in clean PVC bags. The ash and volatiles contents of all samples were determined using the method quoted in the Japanese Standard, JIS M8812-1984.
Analytical methods
About 0.5 g of coal was placed into a platinum crucible and combusted at 700°C. The resultant ash was treated with 15 mL of 10% acetic acid solution for 15 min at room temperature. The solution was filtered from the residue using a membrane filter with a pore size = 0.22 µm and collected in a clean bottle. This solution was labeled as the acetic acid soluble fraction (Coal soluble ). The residue and filter were completely decomposed using 5 mL of a 1:1:1 mixture of HF, HClO 4 , and HNO 3 in a Teflon beaker. The mixed acid was carefully evaporated to dryness, and the resulting residue was dissolved in 15 mL of 1M aqueous HNO 3 . This solution was labeled as the acetic acid insoluble fraction (Coal insoluble ).
About 3 mL of each solution (Coal soluble and Coal insoluble ) was placed into a Teflon beaker and diluted to a volume of 25 mL with Milli-Q water. Using a process described in a previous paper (Fu et al., 1998) , the REEs in the solutions were pre-concentrated by solvent extraction. The pH of the resulting solution was adjusted to 2.0 ≤ pH ≤ 2.4 using nitric acid and ammonia solutions. The REEs in the solution were transferred to 5 mL of 0.25M heptane containing a mixture of 65% bis[2- Rare earth elements in carbonaceous part of coals 337 ethylhexyl]phosphate (HDEHP) and 35% 2-ethylhexyl phosphate (H 2 MEHP). The lower (aqueous) layer was discarded, and the upper organic layer, in which the REEs were retained in chelate form, was washed with 5 mL of 0.2M aqueous HCl to remove any matrix elements. The REEs were back-extracted into an aqueous solution by equilibration with three 5 mL aliquots of 6M aqueous HCl. The combined HCl solutions were washed with 1.5 mL of heptane to remove any trace of HDEHP and H 2 MEHP, as these would affect the sampling speed of the solutions during Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measurements. A known amount of an indium solution was then added to the HCl solution to act as an internal standard, and the HCl solution was evaporated to dryness by gentle heating. The residue was once again dissolved in 7 mL of 0.2M aqueous nitric acid, and the concentration of REEs determined using a VG PQ-II ICP-MS spectrometer (FI Elemental Analysis Ltd., UK).
In all our samples, any interference by REE oxides (LnO + ) in the ICP-MS measurements were corrected for by using oxide-forming factors obtained from measurements on several REE-combined solutions. The accuracy of our REE analytical method has been commented on in previous papers (Fu et al., 1998 (Fu et al., , 2000 (Fu et al., , 2001 . All of the acids used were ultrapure acids purchased from Kanto Chemicals, Japan and the water used was Milli-Q water. The HDEHP and H 2 MEHP mixture was purchased from Tokyo Kasei Co. Ltd., Japan, and was purified by mixing and shaking it six times with 6M HCl before use.
The Ca concentrations in both the Coal soluble and the Coal insoluble solutions were determined using a Nippon Jarrell Ash ICAP-575 II ICP-AES spectrometer using a standard addition method.
RESULTS
Concentrations of REEs and Ca in the Coal soluble and Coal insoluble solutions
The concentrations of REEs and Ca in the acetic acid soluble and acetic acid insoluble fractions of each coal sample, along with the contents of ash and volatiles, are listed in Tables 2, 3 , and 4. The concentrations in the acetic acid soluble fraction and of the total shown are based on the weight of coal, whereas the concentrations in the acetic acid insoluble fraction shown are based on the weight of residue. From the results shown in the tables, it can be seen that the content of volatiles only varied slightly among the coals collected from the same coalfield, while the contents of ash, REEs, and Ca in both the acetic acid soluble and the acetic acid insoluble factions varied greatly. For example, Sample MA-82 from the Ashibetsu coals had 24.1% ash, whereas Sample MA-75 had only 5.3% ash. No relationship was observed between the REE concentrations (∑REE) in the acetic acid soluble fraction and the content of ash (r 2 = 0.14), volatiles (r 2 = 0.0004), and Ca (r 2 = 0.11).
Classification of REE patterns
The chondrite-normalized REE patterns of the acetic acid soluble and insoluble fractions of the coals are shown in Figs. 1 and 2 , respectively. The normalized values used are from Masuda et al. (1973) and Masuda (1975) . From the REE patterns shown in Fig. 1 , we conclude that all the samples of the Ashibetsu coals (Fig. 1A) and the Taiheiyo coals (Fig. 1B) show similar REE patterns even if their REE concentrations vary. The Ambalut coals collected from east Kalimantan showed different REE patterns and concentrations depended on the coal seam. Some samples (e.g., Samples KD-1 and KD-3 in Fig. 1C) showed REE patterns similar to those of the Ashibetsu and the Taiheiyo coals, while others (e.g., Samples KD-2 and KD-4 in Fig. 1C) showed REE patterns with a higher gradient than those of the Ashibetsu and the Taiheiyo coals, along with a negative Ce anomaly. The boghead coal sample exhibited a lower gradient than any of the other coals (e.g., Sample BH in Fig. 1C ). All the REE patterns of the soluble fraction could be classified into three types. The Ashibetsu coals, the Taiheiyo coals, and two of the Ambalut coals were classified as Type I (see Figs. 1A and B) , which feature a medium gradient without a negative Ce anomaly. The other two of Ambalut coals were classified as Type II (e.g., Samples KD-2 and KD-4 in Fig. 1C ), which are characterized by a higher gradient than Type I coals (i.e., a higher LREE/HREE ratio, where LREE and HREE denote lighter and heavier REEs, respectively), and exhibit a negative Ce anomaly. The boghead coal was classified as a Type III (e.g., Sample BH in Fig. 1C ), which features a lower gradient than Type I coals and exhibits a negative Ce anomaly.
DISCUSSION
Separation of REEs into acetic acid soluble and acetic acid insoluble fractions, and the source of REEs in the acetic acid soluble fraction
REEs in coals can originate from the original plants that formed the coal, from soil minerals, and from water. The first two origins are presumed to be the dominant sources in coal. Water contributes an insignificant concentration of REEs in coals compared with the first two sources, both because groundwater or river water contain only trace levels of REEs (i.e., a few parts per trillion), and because water is squeezed out of coal during the coalification process. The percentage of REEs inherited from the original plants depends on the nature of the original plants that formed the coals, and so can vary greatly, since different species of plants contain different levels of REEs (Fu et al., 2000 (Fu et al., , 2001 Akagi et al., 2002) .
In order to use the patterns of REEs to obtain information on the plants that formed a coal, it is essential to separate the REEs originating from the source plants from the REEs originating from terrigenous minerals. As far as we have been able to discover, no method which is able to separate REEs from these different sources has been reported. In SEM-EDX studies on all the coal samples used in this study, we found that the major minerals contained in the coals were clays and quartz, although some samples contained minor concentrations of calcite, pyrite, and other minerals. We attempted to separate the REEs from the two sources above by leaching the combusted coals with 10% acetic acid solution. Of the minerals detected by SEM-EDX, only calcite was soluble in 10% acetic acid solution. Using typical REE concentrations found in limestone (Bellanca et al., 1997) and the concentration of Ca in the Coal soluble fraction, we estimated that the contamination of REEs from calcite would amount to 10% at most, of the total extracted by the acetic acid treatment (e.g., Er, Tm, Yb, and Lu in Sample KD-3). In general, the estimated contamination was only a few percent for the other elements in each sample.
The occurrence of REEs in plants is easy to determine. It is considered that some REEs are dissolved in or absorbed onto the cell walls to form complexes with organic molecules. Some may be contained in silicates, by analogy with other metals found in plants (Neumann et al., 1997) . When the plants became coalified, the REEs would remain bonded to organics with phenolic (R-OH) groups or carboxylic (-COOH) groups. These compounds are most likely to have been chemically transformed into REE oxides on combustion, and subsequently leached by the moderate acetic acid solution, whereas the mineralderived REEs would most likely remain within the silicates. Therefore, we concluded that most of the REEs in the acetic acid soluble fraction were from the original plants that formed the coals.
We have previously reported that negative Ce anomalies are normally seen in soil-grown plants, and that the mineral fraction in soils either does not show a negative Ce anomaly, or shows a slightly positive Ce anomaly (Fu et al., 2001) . The absence of a Ce anomaly relationship between the Coal soluble and Coal insoluble fractions (r 2 = 0.005) might provide supporting evidence for their nearly complete separation too (see Fig. 3A ), since the presence of some REEs from the minerals in the acetic acid soluble fraction would create this relationship.
Our separation method would be less suitable if the coals had contained a higher proportion of soluble minerals. However, the gradient of the REE patterns seems to show a very weak correlation between the Coal soluble and Coal insoluble fractions (r 2 = 0.35) (see Fig. 3B ). This could be a natural effect if most of the minerals in the coal originated in the environment where the plants grew. REEs in plants, with the exception of Ce, behave coherently during incorporation into the plant from the environment (Fu et al., 2001) . Thus, the relative abundances of REEs in the environment are more or less preserved in plants (Akagi et al., 2002; Fu et al., 1998 Fu et al., , 2000 Fu et al., , 2001 Wyttenbach et al., 1998) .
Implications regarding the original plants that produced the coals
Coals from different mines exhibited different REE signatures, both among the acetic acid insoluble fractions and among the acetic acid soluble fractions. REEs in terrestrial soil-grown plants originate from silicate minerals (Fu et al., 2001) , whereas those in algae originate partly from water and partly from particles suspended in the water (Fu et al., 2000) . Thus, the relative abundance of REEs in terrestrial soil-grown plants, peat vegetation, and algae are distinct from each other. According to our survey, soil-grown plants and algae showed Ce anomalies in their REE patterns, whereas peat vegetation showed no Ce anomaly (Akagi et al., 2002; Fu et al., 1998 Fu et al., , 2000 Fu et al., , 2001 . There is a good theoretical reason for the absence of a Ce anomaly in peat vegetation: the water in peatland soil has too low a pH value and redox potential to oxidize Ce 3+ to Ce 4+ (Akagi et al., 2002) . It is thus likely that differences in the environment in which plants grow can cause different REE signatures in the plants, which could be the origin of the observed different REE patterns in the acetic acid soluble fraction of our coal samples. In the following discussion, a comparison is made between the REE signature of the Coal soluble solutions and of plants.
For easier comparison of the REE patterns, two features are expressed numerically: the gradient of the REE pattern (S), and the extent of the cerium anomaly (A Ce ). The value of A Ce is quantified as the logarithm of Ce/ Ce*, where Ce* is the value corresponding to the point between La and Pr in the observed pattern, i.e., 
Rare earth elements in carbonaceous part of coals 341
A Ce = log(Ce/Ce*).
The gradient S was obtained from a linear fit to a line passing through all the points in a given REE pattern, except for the Ce and Eu points (which are anomalous), i.e., log (chondrite-normalized value at a given atomic number, n) = S × n + constant. Table 5 lists the values of A Ce and S for the acetic acid soluble fractions of all the coals studied in this work, and for plants that we have surveyed so far (Akagi et al., 2002; Fu et al., 1998 Fu et al., , 2000 Fu et al., , 2001 . Figure 4 compares the values of A Ce and S between coals and plants. The values for Type I fall close to the range of values found for peat vegetation (C in Fig. 4) , and the values for Type II and Type III fall close to the values found for terrestrial trees (A in Fig. 4 ) and algae (D in Fig. 4) , respectively. A maceral study of the coals led us to the conclusion that the boghead coal (classified as a Type III) originated from algae (Ammosov and Ermakova, 1955) . Therefore, the maceral observations of the boghead coal were compatible with the grouping based on the REE patterns. For the other coals, the present study shows that some (e.g., Type I REE patterns) possibly originate from peat vegetation, while others (i.e., Type II REE patterns) originate from trees. Although our data are not conclusive, owing to the limited number of samples analyzed, it seems that the REE composition of the acetic acid soluble fraction of a coal may be quite useful in distinguishing the plants that formed the coal. If most REEs in the acetic acid soluble fractions are from the original plants that formed the coals, then the percentage of REEs inherited from the plants can be calculated by dividing
From the results of this study, the percentage of REEs inherited from plants varied from a minimum of about 6% of the total REEs (boghead coal) to a maximum of about 50% (in Sample T221-4).
Ratio of rare earth elements to carbon in the acetic acid soluble fraction
As we mentioned above, REEs in the acetic acid soluble fraction of coals are, in our opinion, inherited from the plants that formed the coals. Therefore, the weight ratio of the total REEs in the acetic acid soluble fraction to the weight of carbon ([REEs] soluble /[C]) will also provide information on the plant species of the coal. If the Akagi et al. (2002) . **Data cited from Fu et al. (2001) except for Mangrove which was sampled from Okinawa, Japan (unpublished data). † Data cited from Fu et al. (1998 Fu et al. ( , 2001 . ‡ Data cited from Fu et al. (2000) except for a fresh water alga (Stigeoclonium tenue) which was sampled from Nogawa river in Tokyo, Japan (unpublished data). original plants forming the coal were known, the ratio of REEs to carbon in the acetic acid soluble fraction of the coal would be determined by a mixing proportion of the coal-forming plants. These ratios for the coals in this study are shown in Fig. 5 , which also shows the ratios from present-day peat vegetations (Sphagnum L. and Carex L.) collected from the Ozegahara peatland in Japan (Akagi et al., 2002) , and the ratios of present-day tree trunks (Fu et al., 2001 ) and algae (Fu et al., 2000) . With the exception of one coal sample, the ratios for the Ashibetsu and the Taiheiyo coals fall between the ratios of the two major peat vegetations of the modern-day peatland. This seems to indicate that REEs are well preserved during coalification, and that the different mixing ratios of the dominant plants that formed the coals would be responsible for the Ashibetsu and the Taiheiyo coals.
CONCLUSIONS
For coals containing low concentrations of soluble minerals, REEs in the acetic acid soluble fraction of the coals are representative of the REEs present in the original plants, and are well separated from the REEs in the mineral part of the coals.
The REE pattern of the acetic acid soluble part in coals may be a good proxy for the original plants of coals, although our data are not fully conclusive owing to the limited number of samples analyzed. Future studies will also benefit from maceral and microlithotype analysis as a complimentary method for identifying the precursors of immature coals. For very mature coals, however, our method would be applicable since maceral analysis can be difficult. Akagi et al. (2002) assuming that the carbon content in the dry weight of the plants was 50%. (Fu et al., 1998 (Fu et al., , 2000 (Fu et al., , 2001 Akagi et al., 2002) , except for those for Mangrove and Stigeoclonium tenue, which were sampled from Japan and analyzed in this study.
